We investigated kidney and lung alterations caused by intercellular adhesion molecule type 1 (ICAM-1) blockade after ischemia and reperfusion of hind limb skeletal muscles. Rats were submitted to ligature of the infrarenal aorta for 6 h. The animals were randomized into three groups of 6 rats each: group I, sacrificed after ischemia; group II, reperfusion for 24 h, and group III, reperfusion for 24 h after receiving monoclonal anti-ICAM-1 antibodies. At the end of the experiment, blood samples were collected for creatinine, lactate dehydrogenase, creatine phosphokinase, potassium, pH and leukocyte counts. Samples were taken from the muscles of the hind limbs and from the kidneys and lungs for histological analysis and measurement of the neutrophil infiltrate by myeloperoxidase staining. The groups did not differ significantly with regard to the laboratory tests. There were no major histological alterations in the kidneys. An intense neutrophil infiltrate in the lungs, similar in all groups, was detected. Myeloperoxidase determination showed that after reperfusion there was significantly less retention of polymorphonuclear neutrophils in the muscles (352 ± 70 vs 1451 ± 235 × 10 2 neutrophils/mg; P<0.01) and in the kidneys (526 ± 89 vs 852 ± 73 × 10 2 neutrophils/mg; P<0.01) of the animals that received anti-ICAM-1 before perfusion compared to the group that did not. The use of anti-ICAM-1 antibodies in this experimental model minimized neutrophil influx, thus reducing the inflammatory process, in the muscles and kidneys after ischemia and reperfusion of the hind limbs.
Introduction
During the first half of the 20th century, studies that associated extensive traumatic muscle lesions with a syndrome represented by dark urine (myoglobinuria), muscle pain, body weakness (hyperkalemia) and acute renal insufficiency were published (1) . This clinical condition was later called myonephropathic syndrome or reperfusion syndrome (2) . This syndrome was further investigated to find ways to improve the treatment of patients suffering from arterial occlusion and trauma that cause ischemia and reperfusion of the limbs. Despite advances in medical knowledge and technology, little progress has been made in the treatment of such patients. This syndrome presents a high mortality rate, especially when associated with specific pathological conditions such as diabetes, senility, renal insufficiency and others (3) . Recently many authors began to investigate the role of oxygen (4) and its toxic derivatives (5, 6) , polymorphonuclear neutrophils (PMN; 7-9) and the intercellular adhesion molecule type 1 (ICAM-1) in ischemia and reperfusion (10, 11) .
The aim of the present study was to attenuate the negative effects of reperfusion that frequently affect organs distant from the site of injury, more frequently kidneys (12) and lungs (13) . We evaluated the effect of ICAM-1 blockade with antibodies on the rat hind limb reperfusion syndrome especially on kidneys and lungs.
Material and Methods
The study utilized adult Wistar EPM-1 rats from the Central Animal House of UNIFESP-EPM, aged 90 to 120 days and weighing 250 to 350 g. Ethical principles for animal experimentation as stated by the International Animal Protection Union and Law 6638 of May 1979, and revised in 1983 were strictly followed. The protocol was submitted to the Research Ethics Committee of UNIFESP-EPM, and approved (No. 239/01).
Surgical technique
Eighteen animals received a pre-anesthetic dose of ethyl ether and then were completely anesthetized with 10% chloral hydrate (0.4 ml/kg) by the peritoneal route. After abdominal trichotomy and antisepsis using topical iodopovidine, a median 5-cm laparotomy was carried out, moving the bowel to the right. The juxta-infrarenal portion of the abdominal aorta was identified, isolated and ligated using 7-zero polypropylene thread. The whole procedure was performed with the assistance of a microscope viewer (bench model, series 51314; DF Vasconcellos, São Paulo, SP, Brazil) at 25X magnification. Ligature efficacy was confirmed by the paleness of the hind limbs when observed with the microscope viewer and the absence of a pulse below the ligature. Next, the intestines were repositioned in the cavity and the abdominal wall was closed using 3-zero cotton thread in a continuous single-plane suture.
Animal randomization
Six hours later the animals were re-operated upon and a random selection was performed via sealed envelopes to divide the animals into three groups of 6 rats each.
Group I (simple ischemia). Without removing the ligature of the aorta, 3 ml of blood was collected from the animals inferior vena cava. Next, two samples of the gastrocnemius muscle were withdrawn from the left hind limb, and the kidneys and lungs were also removed. Euthanasia was performed with an anesthetic overdose.
Group II (ischemia and reperfusion). The ligature of the animals aorta was undone, allowing reperfusion of the hind limbs. Three milliliters of blood from the animals inferior vena cava was collected, and the same puncture was utilized for the infusion of 3 ml of 0.9% physiological saline for volume replacement. The bowel was again positioned and the abdomen closed. Twenty-four hours later, the animals were again anesthetized and reopened and 3 ml blood was collected from the inferior vena cava. Two samples were removed from the gastrocnemius muscle of the left hind limb, and the kidneys and lungs were removed. Euthanasia was performed with an anesthetic overdose.
Group III (ischemia and reperfusion using anti-ICAM-1 antibodies). Procedures were exactly the same as in group II up to the phase of the infusion of 3 ml of 0.9% physiological saline into the inferior vena cava after the second laparotomy. In this group, anti-ICAM-1 antibodies (ICN Biomedicals, Inc., Costa Mesa, CA, USA; clone 1A29, cat No. 69-627, lot No. 75606, control R37) were added and diluted to a concentration of 0.2 ml/kg in 3 ml (~10 ng/ml) of 0.9% physiological saline. From this point on, the procedure was again identical to that of group II.
Laboratory tests
The blood obtained from the inferior vena cava was added to three different tubes. One milliliter was added to a tube containing EDTA as anticoagulant for leukocyte and differential counting; 1.5 ml was added to a dry tube for creatine phosphokinase (CPK, in unit/l), lactate dehydrogenase (LDH, in unit/l), potassium (in mEq/l) and creatinine (in mg/dl) determination, and 0.5 ml was added to a heparinized syringe for pH measurement.
The leukocyte count was performed with an automated laser flux cytometry analyzer (Cell Dyn 3700 or 4000, Abbott Diagnostic Division Cell-Dyn Systems, Santa Clara, CA, USA) and the differential count was confirmed by reading a microslide stained with Giemsa. To assess the pH, the sample was submitted to a selective ion technique using an ABL5 Radiometer ® gas analyzer (Diamond Diagnostics, Holliston, MA, USA). The blood stored in the dry tube was centrifuged at 45 g for 4 min, and the plasma separated. All measurements were made using automatic and specific laboratory analyzers. Potassium was assessed by the selective ion method using a Hitachi 917-Roche ® apparatus (Basel, Switzerland). Creatinine, CPK and LDH were accessed by enzymatic method on a Hitachi 917-Roche ® . All reagents were from Roche ® , and were specific for the reactions on these laboratory machines.
Organ samples
Two 1-mm samples obtained from the gastrocnemius of the left hind limb were weighed and frozen at -80ºC for myeloperoxidase analysis.
Kidneys and lungs were removed with their respective hila. The kidneys were split longitudinally and four samples were cut from each animal. Two samples were fixed in Bouins for 12 h, washed in running 0.9% physiological saline and transferred to 10% formaldehyde for later histological analysis. Two samples were weighed and snap frozen at -80ºC for extraction of myeloperoxidase.
The lungs were also sectioned longitudinally to produce four samples. Two samples were fixed in 10% formaldehyde for histological analysis, and the two remaining samples were weighed and snap frozen at -80ºC for extraction of myeloperoxidase.
Myeloperoxidase extraction from tissue
The material was thawed at room temperature and 0.5 ml of the cell membrane detergent cetyldimethylethyl-ammonium bromide (L-5335, lot 26H03542; Sigma, St. Louis, MO, USA) was added for 20 min. The samples were homogenized and left to stand for 30 min to optimize the enzymatic extraction. Thereafter, the material was centrifuged at 450 g for 20 min and the supernatant was separated and snap frozen at -80ºC for later enzyme reading with a spectrophotometer.
Tissue myeloperoxidase reading
The supernatant of the homogenized material was thawed and 450 µl of 3,4,5-trimethoxybenzoic acid, 8-diethylamineoctyl ester liquid substrate for ELISA (Dako, Barcelona, Spain) was added and read at 650 nm with a spectrophotometer. The results were plotted as a reference curve, with myeloperoxidase activity on one axis and the corresponding numbers of neutrophils on the other axis. The numbers obtained were then divided by the previously recorded weight of the material, thereby providing the number of neutrophils by per unit weight for each tissue of each group studied.
Myeloperoxidase reference curve
The total blood from 14 normal rats was collected in heparinized tubes. PMN were separated in a 50-ml plastic beaker containing a cell sedimentation filter layer made up of 8 volumes 2% methylcellulose (Sigma) and 5 volumes 34% sodium hypaque (Sanofi Winthrop, Gentilly, France). After 20 min at room temperature, 50% of the plasma layer containing a large amount of leukocytes and platelets was transferred to a plastic tube, which was centrifuged at 30 g for 10 min at room temperature. The supernatant plasma, containing a large amount of platelets, was discarded and the cell sediment was carefully resuspended in PBS, pH 7.2, and centrifuged twice at 30 g for 10 min. The supernatant was discarded and the cell sediment was mixed with 2 ml previously chilled hemolysis solution (8.29 g/l NH 4 CL + 1.0 g/ l KHCO 3 ; Merck, Whitehouse Station, NJ, USA) and kept at 4ºC for 5 min. The tube was again centrifuged at 30 g for 10 min at room temperature, the supernatant was discarded and the cells were resuspended in PBS and centrifuged at 30 g at room temperature. The cells were then resuspended in 1 ml PBS. The PMN were counted in a Neubauer chamber and diluted at a concentration of 7.5 × 10 6 cells/ml. We utilized the method of Bradley et al. (14) for the construction of the reference curve.
Histological analysis of the kidneys
Thin sections were obtained from paraffin blocks and stained with hematoxylineosin for structural analysis and PMN quantification under the light microscope. Other thin sections were treated with peroxidaselabeled anti-myoglobin antibodies to determine the presence of myoglobin in the renal tubules and glomeruli.
Histological analysis of the lungs
Sections cut from paraffin blocks were stained with hematoxylin-eosin and analyzed for structural alterations and quantification of the inflammatory infiltrate in the tissue.
Statistical analysis
ANOVA was used for the analysis of multiple variables. Values of P£0.05 with a 95% confidence interval were considered to be statistically significant.
Results
Tissue PMN concentrations are presented in Table 1 . There were no variations in muscles from animals within the same group. However, there was a significant increase in the number of neutrophils/mg in the animals of group II -reperfusion (1451 ± 235 × 10 2 neutrophils/mg) compared to the animals of group I -ischemia (265 ± 56 × 10 2 neutrophils/mg, P<0.0001) and group III -anti-ICAM (352 ± 70 × 10 2 neutrophils/mg, P<0.0005). A significantly higher neutrophil concentration was detected in group III compared to group I (P<0.019).
The kidneys showed no variation among animals within the same group. However, there was an increase in the concentration of inflammatory cells in group II (852 ± 73 × 10 2 neutrophils/mg) compared to group III (526 ± 89 × 10 2 neutrophils/mg, P<0.001), in group III compared to group I (353 ± 53 × 10 2 neutrophils/mg, P<0.007) and in group II in relation to group I (P<0.0002).
The lungs showed no variation among animals within the same group or between groups (group I: 16,861 ± 13,226, group II: 17,340 ± 16,767, and group III: 16,125 ± 16,227 × 10 2 neutrophils/mg). There was no statistically significant difference among groups.
Statistical analysis
The results of the laboratory tests for creatinine, serum CPK and leukocytes showed no variation between the groups studied.
Histological and immunohistochemical analysis of the kidneys
No major histological lesions were detected in any animal (Figure 1 ). There was no myoglobin deposited in the glomeruli or in the tubules (Figure 2 ).
Histological analysis of the lungs
Numerous PMN were observed in the alveolar septal capillaries of all animals (Figure 3) .
Discussion
During muscle ischemia, important alterations in muscle metabolism can occur, causing an accumulation of xanthine and hypoxanthine. When oxygen is reintroduced, free radicals are formed, causing localized cell damage because of their extreme reactivity. This mechanism may activate the defense system of the organism or even reinforce its action (15, 16) . The inflammatory response may be considered as the initiator of a set of events related to ischemia and reperfusion lesions (17) and the blockage of this process has been shown to be efficient in preventing them (18) .
With revascularization, there is a wash out of the postischemic tissue, with transportation of free radicals and activated defense cells to the systemic circulation and distant organs.
In the present experimental model, partial ischemia of the hind limbs was induced Data are reported as means ± SEM of neutrophils x 10 2 per mg tissue. by ligation of the aorta but not of its collateral vessels. This procedure appeared to mimic most closely situations frequently occurring in clinical practice (19) . The hind limbs remained pale, cold and exhibited decreased muscle strength until the aorta was revascularized.
There was no variation in serum creatinine, potassium, LDH, CPK or pH levels, confirming that no major metabolic changes had occurred. Furthermore, PMN sequestration was observed in the tissue of the animals of all groups after reperfusion. This appears to contradict the peripheral counts, which were similar for all groups. Leukopenia was expected during the first 4 to 6 h after reper-There were no major morphological alterations or deposits of myoglobin, probably because of the absence of muscle necrosis (21) . There should have been sufficient time for filtration without impairment of renal function because of the small amounts of myoglobin released and the long interval before sample collection (22) .
Since the 1982 study by Bradley et al. (14) , it is generally agreed that the best way to quantify the acute inflammatory infiltrate is the measurement of neutrophil myeloperoxidase activity. The most notable results of our study were obtained with this method.
High myeloperoxidase activity was found in the lungs of all groups. Actually, this could have been expected because of the large concentration of inflammatory cells observed by histology even in untreated animals.
The variation of the pulmonary myeloperoxidase activity was probably due to the large amount of intravascular blood normally present in the lungs which interfered with the measurement of neutrophil influx (23) .
In a similar experimental model, Engles et al. (24) observed a high pulmonary myeloperoxidase activity that did not differ significantly from control and explained this finding on the basis of the fact that the lungs had various activation mechanisms for their defense system. The interleukins, particularly interleukin 10, and tumor necrosis factor (TNF), via the complement system, may act directly on the pulmonary vascular endothelium (25) leading to an ICAM-1-independent mechanism of PMN chemotaxis. However, other studies have reported conflicting results. While an investigation demonstrated protection with the use of integrin blockers such as CD11/18 (26), the individual blockage of each system does not appear to significantly influence the PMN infiltrate during the reperfusion syndrome (27) or even with specific lung reperfusion (26) , although studies have generally indicated that PMN have an important role in the genesis of fusion, caused by leukocyte sequestration in tissue (20) . However, over the subsequent hours, the white cell count returned to normal, probably because of bone marrow reactive hyperplasia (20) . Blood collection coincided with this period, which was 24 h after reperfusion.
lesions (28, 29) . The lungs appear to be well adapted to the presence of toxic oxygen derivatives (30) . Therefore, the conclusion regarding the lungs is that a large amount of inflammatory cells were present physiologically and that the selective blockage of some activation pathways, such as ICAM-1, did not alter this picture (31) . This peculiarity seems to be very useful for organs in contact with the external environment, since they need an extremely efficient defense system.
The initial retention peak of neutrophils after ischemia, at 10 min, is dependent on TNF-a, which returns to normal levels practically within 4 min of reperfusion (32) . Other studies have demonstrated the role of PMN in muscle lesions after ischemia by the deleterious effect of the release of free radicals, and their migration through the endothelium promoted by ICAM-1 (33) . The use of inhibitors of adhesion molecules minimizes the reperfusion lesions by reducing PMN fixation on postischemic muscles of experimental models (34) , as also observed in the present study.
The kidneys physiologically show ICAM-1 in the endothelium of the glomerular and peritubular capillaries (35) . During cell injury, the renal tubules themselves present high ICAM-1 levels, thus showing that they are preferential sites for inflammatory response (36) . Proinflammatory cytokines such as TNF-a, interleukins 1 and 8 and interferon-g stimulate mesangial cell cultures of human kidneys, which present adhesiveness to PMN, probably acting via ICAM-1 (37) . Although there is no consensus in the literature regarding these observations (38) , they seem to indicate this pathway as one of the most important lesional mechanism in ischemia and renal reperfusion (39) .
In a lower torso ischemia and reperfusion experimental model, some investigators found an increase in ICAM-1 in renal tubules, especially where there was deposition of myoglobin (40) . They raised the hypothesis that the acute tubular necrosis observed in myoglobinuria may be secondary to the PMN infiltrate related to this adhesion molecule. In any event, the infiltrate of inflammatory cells mediated by ICAM appears to be the common pathway for the lesions (40) . The present data allow us to conclude that the selective blockage of ICAM-1 in the kidneys effectively reduced the accumulation of PMN.
